Fax: 0048 58 523 64 26 16 17 18 19 key words: Pectobacterium spp., Dickeya spp., integrase, attachment site, holin, lysin, bacterial 20 gene, ecological fitness, bacteriophage 21 for www.bioRxiv.org 2 ABSTRACT 1 Soft Rot Pectobacteriaceae (SRP; Pectobacterium spp. and Dickeya spp., formerly known as 2 pectinolytic Erwinia spp.) are necrotrophic bacterial pathogens infecting large number of plant 3 species worldwide including agriculturally-important crops. Regardless of the SRP importance in 4 agriculture, little is known about the bacteriophages infecting Pectobacterium spp. and Dickeya spp. 5 and even less about prophages present in SRP genomes. Prophages are recognized as factors 6 underlying bacterial virulence, genomic diversification and ecological fitness and have association 7 with the novel phenotypic properties of bacterial hosts. Likewise, they are recognized as a driving 8 force of bacterial evolution. The aim of this study was to analyze Pectobacterium spp. and Dickeya 9 spp. complete genome sequences downloaded from GenBank (NCBI) for the presence of prophage 10 sequences following their identification and (comparative) characterization with the main focus on 11 current and upcoming perspectives in that field.
INTRODUCTION
resulting in viral genome integration to the host genome, influences the ecological fitness of The identification and characterization strategy to find prophages in SRP genomes is presented in 1 Figure 1 . Fifty seven complete genome sequences (17 Pectobacterium spp. genomes and 40 2 Dickeya spp. genomes) were downloaded from NCBI (National Center for Biotechnology 3 Information, https://www.ncbi.nlm.nih.gov/) (August 2018) (Table 1) . Candidate prophage-like 4 elements were identified using PHASTER (http://phaster.ca/) (Arndt et al., 2016) and PhiSpy 5 (https://edwards.sdsu.edu/PhiSpy/index.php) (Akhter et al., 2012) , following the manual inspection 6 of the resulting sequences for the presence of attachment sites (att), gene(s) coding for integrase(s) 7 and the genetic content of the prophage integration places as suggested by others (Boyd and 8 Brüssow, 2002) . Prophages were characterized on the basis of their homology with known phage 9 sequences deposited in GenBank (https://www.ncbi.nlm. nih.gov/genbank/). The presence of 10 structural genes in prophage sequences was verified by the VirFam (http://biodev.cea.fr/virfam/) 11 (Lopes et al., 2014) .
diffenbachiae strain NCPPB 2976 (carrying prophages phiDdd1 and phiDdd2), Dickeya sp. CSL 1 RW240 (carrying prophages phiD1 and phiD2), Dickeya sp. Strain NCPPB 3274 (carrying 2 prophage phiD3 and phiD4), Dickeya sp. Strain NCPPB 569 (carrying prophages phiD5 and phiD6) 3 and P. carotovorum subsp. odoriferum strain BC S7 (carrying prophages phiPc1 and phiPc2). 4 Furthermore, no correlation was observed between host bacterial genome size and prophage 5 genome size (R 2 = 0.02) (Fig. 6) . 6 Dot plot matrix constructed based on average amino acid identity (AAI) of the 37 prophage 7 proteomes resulted in visualization of six distinctive clusters (Fig. 7) ; two clusters (Cluster 2 and 8 Cluster 3) (Tab. 3 and Tab.4) with the AAI grater than 90%, one cluster with the AAI grater than 9 85% (Cluster 1) (Tab. 2), two clusters with the AAI grater than 80% (Cluster 4 and Cluster 6) (Tab. 10 5 and Tab. 7) and one cluster with the AAI grater than 75% (Cluster 5) (Tab. 6) Five clusters 11 (Cluster 1, 2, 3, 4 and 6) were grouping proteomes of prophages present in Dickeya spp. genomes, 12 whereas Cluster 5 was grouping prophages hosted by Pectobacterium spp. strains. 15 Of 37 screened complete prophage genomes, only one, phiDze1 did not contain any ORFs of 16 bacterial origin. The other 36 prophages contained between 1 (phiD3, phiDda1) and 23 (phiDdi1 17 and phiDdi3) ORFs acquired from bacterial hosts ( Fig. 8 ). Most of the bacterial ORFs found in 18 prophages coded for proteins involved in primary bacterial metabolism, proteins associated with 19 DNA/RNA repair, energy transfer, DNA/protein regulation and modification and proteins that may 20 be involved in niche settlement (e.g. coding for resistance to metal ions, nitrogen assimilation, heat 21 shock proteins) ( Supplementary Table 1 ). The most ubiquitously-present among all analyzed intact prophage genomes, (ii) gene coding for methyl-transferase found in 9 prophages and (iii) gene 1 coding for modification methylase ScrFIA present in 6 prophage genomes. Interestingly, the similar 2 sets of bacterial genes were found in prophages: phiD2, phiDda3 and phiDda4, prophages phiDdi1 3 and phiDdi3, prophages phiDdi5 and phiDdi6, prophages phiDpa1 and phiDpa2, prophages 4 phiDze4 and phiDze5 and prophages phiPc2 and phiPcc1 ( Supplementary Table 1 ). Prophages inhabiting specifically the SRP genomes is scarce (Varani et al., 2013; Czajkowski, 2015) . Likewise, 20 the only temperate bacteriophage described in 1984 and widely used since then for generalized 21 transduction of Dickeya spp. is the D. dadantii 3937 (at that time named Erwinia chrysanthemi 22 3937) phage phiEC2 analyzed (Resibois et al., 1984) . Even this bacteriophage has not been 23 characterized in detail so far and little is known about its ecological, genomic and morphological features (Czajkowski, 2015) . The other temperate SPR bacteriophages have been described but to 1 date not characterized on a molecular level (Czajkowski, 2015) .
14

Presence of unique genes of bacterial origin in intact prophage genomes
2
In this study all available fifty seven (August 2018) Pectobacterium spp. and Dickeya spp.
3 complete genome sequences present in NCBI GenBank were screened for the presence of 4 prophage-like elements. The in silico workflow used here (Fig. 1 ) allowed the identification of 5 prophages in 95% of SRP genomes. Although prophages are known to constitute even as much as 6 10 to 20% of the bacterium's genome, the common feature of all prophages analyzed here was that 7 they comprised on average less than 2% of the Pectobacterium spp. and Dickeya spp. chromosome.
8
It is worth to mention that a food pathogen Escherichia coli O157:H7 strain Sakai contains 9 prophages amounted to 16% of its total genome content (Ohnishi et al., 2001) . No detailed data 10 exist however on the sizes of prophages present in the genomes of plant pathogenic bacteria and 11 specifically in the genomes of SRP (Varani et al., 2013) .
scale may be a source for the development of bacterial biological control tools for environmental 1 applications as previously suggested (Fenton et al., 2010) .
2
Based on the average amino acid identity (AAI), six prophage clusters; five grouping 3 prophages present in Dickeya spp. and one cluster grouping prophages present in Pectobacterium 4 spp. could be identified. Opposed to the phylogenetic analyses based on the single prophage gene, 5 AAI seemed to have more power to phylogenetically separate prophages residing in the genomes of 6 Pectobacterium spp. and Dickeya spp. AAI is suggested to be a better phylogenetic method that can 7 significantly contribute to a whole genome-based taxonomy of Prokaryotes (Konstantinidis and 8 Tiedje, 2005), it is however rarely used at the moment to (phylogenetically) analyze viruses.
9
It is well established that prophages often encode genes (so-called morons) that are not 10 directly involved in viral propagation and infection but that can confer a fitness benefit to their hosts 11 (Bondy-Denomy and Davidson, 2014). Morons can enhance the virulence of the bacteria directly by 12 prophage-encoded toxins and/or indirectly by increasing bacterial fitness which may then results in 13 enhanced virulence (Hacker and Carniel, 2001) . All except one of 37 analyzed intact prophages 14 contained genes acquired from host bacteria possible due to the former single and/or multiple 15 infections. Likewise, the most of prophages in this study contained more than one gene of bacterial assimilation proteins as well as genes coding for DNA methylases which may be used in protecting 1 prophage sequences in the host genome from excision by changing DNA methylation pattern 2 (Canchaya et al., 2003) . This may as well explain the high number of prophage sequences observed 3 in many bacterial genomes (Ohnishi et al., 2001; Matos et al., 2013) and relatively higher ratio of 4 prophage-related genes in the pathogenic strains in comparison with saprophytic, non-pathogenic 5 bacteria (Busby et al., 2013) . The most commonly present in SRP intact prophage genomes was the 6 gene coding for methyl-directed repair DNA adenine methylase (EC 2.1.1.72) found in 21 viruses. 7 This is a large group of enzymes that apart from being members of restriction-modification systems 8 of many Gram-negative bacteria, play roles in regulation of genes coding for virulence factors in 9 bacterial pathogens at the posttranscriptional level (Marinus and Casadesus, 2009). Unfortunately 10 their roles in pathogenicity of SRPs stands unidentified. It is worth to mention that so far it remains 11 unknown whether the bacterial genes found in this study in 36 prophage genomes undergo 12 transcription and translation.
13
In general, the relatively high number of intact prophages identified and characterized in this identified and characterized. The prophages, in majority, belonged to the family Myoviridae in the 1 order Caudovirales and did not possess conserved genome organization (high genetic mosaicism).
2
No correlation was found between the presence of specific prophage and host genome size, 3 bacterial genus and geographical location from which host was isolated. More than half of the 4 analyzed intact prophages were characterized as infectious as they contained genes coding for holin 5 and lysin. Thirty six prophages contained genes of bacterial origin that may increase the ecological 6 fitness of the hosts. To the best of knowledge, these analyses were the first complex comparative 7 studies of the SRP prophages. 
